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Part I

FOREWORD

This report was prepared in the Components Br-anch (APTC), Turbine Engine Division, Air
Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Ohio, under Project
3066, "Gas Turbine Technology," Task 306603, "Advanced Engine Studies."with Charles E.
Bentz as Project Engineer.

This report covers vork conductedwithin the Components Branch in the time period between
July 1965 and June 1967 ard was suhmited by the author 31 August 1967.

This technical report has been reviewed &rd is approved.

mime
= ERNEST C.

Chief, Turbine Engine Division
Air Force Aero Propulsion Laboratory
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ABSTRACT

This report describes a digital computer program titled SMOTE (Simulation of Turbofan
Engine). SMOTE Is a computer program for belening-cycle turbofan engines capable of run-
Mig both design and off-design points. Component performance maps are reduced to Block
Dat (tabular fr)to provide a base for calculating component performance. The designpoint is run first and map correction factor- are calculated to scale the components to the
desired performance. These correctlo fý-ctors are then applied to the component perfor-
Smine maps at off-deiignpoints. fnitial: - ,•n the program is ruD.ningat an off-designpoint,
the cycle is not bhmhmad., and errors (for aetmple, work required by the compressor minus
work supplied by the tuybine) are genezated. Small changes in engine independent variaolew

S "(for eample. compressor speed) then produce small changes in the errors, and these dif-
ferential changes are loaded into 'Lmatrix. Thematrix Is then solved for the set of independent

- variables wbich results in zero errors, thus bianc••g the cycle. Actually, this process may be
repeated sereria times before it reaches a tmlanced point because there is a nonlinear re--
lationship between the Independent varibie_, -xr4 the errors. Sample results are included in
this report

(Distribution of this abstract is unlimited.)
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SYMBOLS

BLF bleed from fan lost to cycle (leakage)

BLDU bleed from compressor to duct (leakge)

BLHP bleed from compressGo to high pressure turbine (cooling)

-- BLLP bleed from compressor to low pressure turbine (cooling)

BLOB bleed from compressor overboard for customer use

CN corrected speed

DHTC delta-H ccrrected for temperature

---- H enthalpy

PCNC percent speed of the compressor

PCNF percent speed of the fan

P pressure

P2 pressure at the fan face

TFFHP turbine flow function, high pressure turbine

TFFLP turbine flow function, low pressure turbine

T temperature

"T2 temperature at the fan face

"121 temperature at the fan exlt

4 T4 main combustor burning temperaure

T24 duct-burner burning temperature

T7 afterburner burning temperature

WFA afterburner fuel flow

WFB main-combustor fuel flow

WFD duct-burner fuel flow

WG gas flow rate

ZC pressure-ratio ratio of the compressor

ZF pressure-ratio ratio of the fan

vii
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SECTION I

INTRODUCTION

Recent advances in turbine-engine state of the arthave increased the requirements for more
and better cycle studies. These cycle studies are needed to monitor present engsnes, determine
sensitive or critical =reas in near future engines now under development, and to explore the
advantages and disadvantages of proposed advanced engine cycles for future aircraft.

Parametric cycle saidies, which involve essentially numerous design-point calculations,
partially fulfill this need, particularly for optimizingacycle for a specific single design-point
mission. However, with multimission aircraft beingemphasizedincreasinglyand with the need
for determining off-design performance, the. requirement for a balancing cycle cotper
program (,hat is, one which simulates a turbine qngine at both design and off-aesiga points)
becomes definite and essential.

The purpose of this report is to describe a digital e.slputer program for balancing-c-yle

turbofan engines. The program, titled SMOTE (Simulation of Turbofan Engine), was develaped
in toe Components Branch, Turbine Engine Division Air Force Aero Propulsion L3.baratory,
to meet the requirements given in the preceding paragraphs. Ia addition to meeting these
requirements, SMOTE is considerably more flexible, requires less computer storage or space,
and requires less computer operating time than previous engine cycle decks of comparable
sophistication.

Part I of this report describes the methodof engine calculations and the balancing techriqw
and gives some sample results. PartlT is intended as a user's manual and includes instructions
for setting up and running the prgram, as well as a program U-sting. The parts may be used
independently of one another.

*1
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SECTION 11

SUMMARY

SMOTE is a. computer program for balancing-cycle turbofan engines which presently rses
Component performaree maps for the fan, compressor, combustor. and both turbir s to
provide the basic ierformape data, but It can easily be expanded to include addi. onal
ccmponent performance maps if available. The maps are in Block Data form and are scaled
ILnternally to simulate a specific engine. Errors due to an unbalanced cycle are generated at off-
design points, and the effects of small changes in independent variables upon the errors are
determined. A matrix of di.ment!al error equations is then solk.ed to determine the correct
va~ue^ of the independent Yaebsbles which would produce zero errors. A fl= chart of the
program is shown in Figure 1.

For a more accurate simulation of a particular engine, performance maps for other corn-
"pw-uents could be added; for example, duct-burner or afterbourner maps may be desired. It
should also be mentioned that other formats for presenting maps may be used as readily as
those presented in this report. Rather thin inputting bleed air values at eachpoint or using a
coastant bleed, a bleed schedule could be used. In addition, if a variable-area nozzle is to bes-mulsed, a nozzle area schedrle could be used. Or an engine control system could be used

which would set fuel flow, bleeds, and nozzle areas as some function of a power lever angle.

The complexity of an engine cycle can be increased by increasing the size of the matrix
(increasing the number of partial differential equations). For example, a basic triple-spool
turbofan cycle could be represented using a matrix of nine equations. Or a T-compressor fan
engine composed of a fan tip, fan hub, low pressure ccz pressor (running at the same speed as
the fav), high pressure compressor, combustor. two turbines, gas mixer, and afterburner
could be repreaepted using a matrix of eight equations.

*2
2 ____
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SECTION MI

HISTORY

Unil about six years ago, mostgeneml0-'lecalcultaons in the Components Branch were
don8 by hal, although some computer programs were available for qpecific engines. About
that time a turbojet, parametric-cycle study program (SPEEDY) was conceived, and, from
Sthl S m a more generalta-bojetorturbofanprograrn (CARPET) with many configuration
options we developed. CA-' ETI- still in generaluse for parametric and optimization studies.

About three years ago, a balancing-cycle turbojet or single-spool computer program(SSPOOL) was developed within the Components Brancb. The engine component calculationswere based essenafafly on those .n CARPET, and the balancing technique, which depended upon

a quadratic interpolation routine (AFQUi). involved two nested balancing loops. The inne•.100op wa balanced using• P:CNC as an inepndn --ariable and the workt diffe.rence between
.oVeo o and turbine a-. the dependent variable. The outer loop was balanced using ZC (see
Figur 2 for a defi•tkiU ca ZC) and the pressure required by the fixed-area exwaus- nozzle.
After the imer loop was balanced, the outer low was changed in an atempt to alance it
Natiually, changes in the outer loop necessitated rebalancing the inne loop. This method,
althoc,, rather crude. worked well for a turbojet cycle.

1"e SSPOOL qowept was then extended to a btuofan or dual-spool cycle which resulted in
a new program called DSPOOL. By lo&gl extension this reqired Jxr nested loops with four
ndependent variables (PCNF. ZF, PCNC. and ZC afour dependent variables or errors (two

work errors and two nozzlo pressure errors for a separate flo cycle,- or two work errors, a
mnl~t static pressure error, and a nozzle pressure error for a mixed flow cycle). Although
the method worked. oomputertimeaxeessi.-, andv-arious techmiques (such as changing the
order of the independent variables or using a varyin3 tolerance) were tried in an attempt to
sherten the balancing time. Tflme attempts were only partially sucessful.

Oder balancing tecbniques using various mathematical soluUons were ezperimented with,
and te present method was finally developed. This method involves no nested balancing loops;
Instead. a matrix is loaded withdiferential errors caused by small cnages in the independent

rableS. The matrx is then solved for the zero error condition. SMOTE reduced computer
r by an average factor of about 4 as compared to DSPOoL.

4
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SECTION IV

METHOD OF ENGINE CALCULATIONS

1. COMPOINEN'T MAPS

The. peformynce of the major engin components Is based on comoponent maps Thesemaps
a.e ýsal obtained from analytical methods or rig-testing and are then converted Into
Block Data subroutines for we. by SMOTE. 112 map presently Included In SMOTE are very
general and do Wica rqpresent any particular engine or engine components.

The component map are scaled at the englzue design point by SMOTE In order to match
thir p-rformanc to a desired set of pefoma- figures which are h*Kt as data. Scaling

or correction factors are calculated and then aWUed to the masat off-design points. The

little accuracy, mq*apsrqreseatng advanced co~mbcould be hInerchanged to determine
the effect oa Ze overall cycle.

SMOTE presently Incalues component maps for the fan, cmressor. coauswtor, and'boti
turbines. Dwt burning, duct losses, gas mitar- atbrng. ta~ppe losses. and nozule
losses are 2ll calculated or in~mt, bt tbse characteristim could also be Iinclded as Block
Data If map were available. Likwi~se, schedues for bleed air and variable area nozzles could
be used.

a. Flan-Compressor Maps

The fan and compressor maps are very uimilar and are plots of carrectedl 'srflow "ris
preesure ratio with constant corrected s peead lines and constant efficieacy Wsands (se
Figure 2). Entry to the map Is throuzgh the corrected speed and Z, where Z Is a Pressure-
ratio ratio, wnd Is defined at a constant corrected speed as shown in Figure . It Is advan:-
tagous to use Z Inst--d of pressure ratio becamie Z is restrained between the limits of
0 and 1, whereas the limits on the pressure ratio vary d~er~dig q=o map location and the
particular map. Also, an Indication that the fan or compressor Is approaching sur to giun
as Zapproaches L,

b. Combustor Mapj

The combustor map Is a plot of tenprature rise across the- combustor versi effieciay
for constant Izcut pressure (see Figure 3). Entry to the map Is tbrou&b tempeardatrP rie and
loput pressure, with eff "mny being outpu

c. Turbine Map

The turbine map is a plot of turbine corrected speed versusor function wi& constact
turbine flow fimctm lines and constant efficency islan'ls (see Figure 4). lbe work functim and
flow function are defined as

D HC HIN - HOUT

TIN

5
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SURGE LINE -- CORRECTED (CM)

PRM~

CONSTANT
/ / / I EFFICIENCY (ETA)

PRX

.00 PR1. -PRwI -PLPO

Figure 2. Example of Fan-Compressor Map

PRESSURE (P3)

3-

%6

TEMPERATURE RISE (DT)j

Figure 3. Example of Combustor Map

-,,g.1f CONSTANT TURBINE
f I FLOW FUNCTION (MF)

0 ~ ' / -=-ý%00-1AHT EMFCIENCY(ETA)

CORRECTED SPEED (CNT)

Figure 4. Example of Turbine Map
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and
TF WGiN "IN~TFF =

PIN
Entry to the map Is through corrected speed and turbine flow fuction, with the work function
and efficiency being output.

The wnrkfnctlon could have been used as an entry in place of one of the present entries, but,
because of the shape of the curves, this could lead to double entry points for one work fawtion.
However, If the turbine maps wexe plotted In a different format, this could be an acceptable
method.

2. DESIGN POINT

O ce•e component maps have been reucd to ockData form and placed In te program
it Is necessary to run a desgn point. The design point is r'm at tose cond• on der wich
the real engine Is desiged or sized, usually sea level static. Design parametersnessay to
simulate t real engine (or example, airflow, bypass ratio, main burner temperantue, various
pressure losses, pressure ratios, etc.) are Input and a complete thelamodynami cycle cal-culation is performed. For more details onthe cycle calculation see Section 31V 4, "Off-DgnPoints." Scale hetors for the component maps are calculated to insure that the Iut dadig

parameters are met. If the design parameters have been correctly Input the dmei point will
be completed after one pass through the engine calculations (that is, no balancin will occur)
because the mps are shifted to reduce the errors to ze-o.

Other parameters calculated and outp at thedesignpoint t-hcde certain temperatur and
airflows, gas mixing areas, and nozzle throat and exit areas.

3. SCALIAG FACTORS

Scaling or correction facturs are calculated at the design point using the Solowing equatimo

P (correction factor) = P (design) / P(mapa

where P represents a general parameter. One exceptio to this equatim is the equation for
-ilculating fan and compressor pressu-e correction factors:

PR(cor-'ction factor)= [PR(design)-I ]/[PR (map)-I]

where PR represents a general pressure ratio.

"Theoretically, if the component msm. and the Input design parameters ares exact represeia-
ti(os of a particular engine, the cormection factors will equal 1, However, thas will not be trm
due to map ,nte polatons,certainassumptons suchas ideal and Isentropic flow, and toleranies
in the tbermodynami calculat:os. The correction factors sbouldbe within 1% of . Naurally.
if unmatched component maps are used, the correction factors can differ significantly from L

4. OFF-DESIGN POINTS

The Mawing disicussion pertains particularlyto off-designponts, aldto the Input and the
general cycle calculations are the same for the desigm point. T"roagbout the following dis-
cussion, It sbouldberememberedthatscalingorcorrection factors (mulipi ) are aplbd to
aU performance maps (Block Data parametr).

7
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For more detailed Information on the thermodynamic equations used throughout the cyeJe
sugias components and station desipatbons is shown In Figure 5.
oa2loulztlona. as. References 1,2, and 3 and Part lot this report. A schematic diagram of the

C

at� �opam �uesaooctroIldo t that Is, the variables desired as output can be selected
is chtalned by placing the names of the variables In the

first esetion cL � cuda. Confrols, scaling or correction factors, and �eratIng conditions
ushe � � re.t of the h�'it.

� oo.trcl lz�'wuts are imed to determine the t3pe of engine: mixed flow or separate flow,
a*szburnlng. duct burning, and convergeat or convergent-divergent nozzie. The controls are
also imd to fix the mode of operation: constant PCNC, constant T4, or constant WF'B. Other
ce�ola�rm� isM cowiitior, titleprlntout., and cycle loopIn�dnto�. The correction
fa�u can be kputdfrectly, or the designpoint can be r�m first and the calculated factors will
be left is common. operating flight number, altitode, pownr
a�isg siUr PCNC, T4. or WFB). duct burner and afterburner temperatures or fuel fr�ws,

bleed, and herae�,ouer extracted.
b. kitlalValius

1� program usee four primary iui�endent variables: ZF. PCNE. ZO, and PCNC (T4 may
be a�st1tuted for PCNC, d�exIlng �on the mode of opeistion). Turi secondary independent
variables (TFFHP and TFFLP) are also used to insure correct entry Into the turbine maps.
h�.1 yalta. for these six variables must be obtained to start the program at each point. A
u�oi�im s�liss these variables as a f�tbon of T2, T21, and some of the variables them-
selves. k Is important to note that the closer the initial values are to the final valtas at at balanced point, the faster the program will rim. Therefore, alter a particular engine con-
Niratiom has been rim a few times, it is usually advisable to change the general initial vaba
equmtkin to suit the engine, using the knowledge pined from past runs to estimate more
closaly the final values of the variables.

C. klet
[

The thermodynamic properties of the atznospber.a are bind from a 1962 ARDC Atmosphere
Tables s�routIne. Using conservation of energy and zsex'frcpicflow. the conditbocs at the face
of Urn fen can be found. A ram recovery (total pressure recovery) can be Input or. if not Input, a
ram recovery defined by MII-E-5008B �eclflcatians will be used, if desired, a T2-P2 direct
�zt mode is available, as are provisions for nonstandard day conditions.

d. Fan and Compressor

mock Nta is used to determine the performance characteristics of the fan and compressor.
When Z and PCN are known, thepressureratio, corrected airflow, and emciency can be found

usIng a general Block Data interpolation routine named SEARCH. With the pressure ratio
known and 'when the assumption of isenfropic compression and the efficiency are used, the

condit�ccs at the exit of both the fan and the compressor can be calculated.
Bleed for consumer use, leakage, or cooling is accoimted for. Actual airflow leaving the fan and
the compressor is calculated from the corrected airflow, temperature, pressure, and bleed.I

e. Combustor
I

ofThe pressure drop in the combustor is a function of a design pressure drop and the ratiocorre�d airflow to the design airflow. � efficiency is ootaineu from

i.1 8
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Block Data using SEARCH. The fuel used is assumed to be JP-4 (at 59"F), and, with thej! assumtkon of adiabatic and constant pressure combustion, a fuel heating value equation as
a fuwcou of T4 bas been derived. Thus the fuel/air ratio, fuel flow, and thermodynamic con-
" dto at the combustor exit can be calculated. if WFB Is known Instead of T4, a small

~. I L T ibnes

Bbh tublne subroutine use similar logic and obtain their performance characteristics
hf-r Mock Dift =irZ sroWt SEARCH. All three turbine parameters (CN, TFF, DHTC)
can be cakruated before ectering the turbine map, but only two aaxe naeded. Therefore, the

pa gte c* btined roim the map is comparedwith the calculated third parameter, and a
bu , error is joerated If they are not equal. In Ws program. CN and TFF are used for
rmap .trieso and DHTC Is wedto generate the error. In addition, the efficiency Is also obtained

I th~SEARCH..
hudid on, another error will be generated if TFF is not with-n map limis. The error will

be tlhedIffrce betwem- TFF and the nearest map Iml- !tds error becomes particularly
awhen the estimated Initial values of the independent variables are far from the

correct 'values, and the point is extremaly unbalanced. Mhen ether TFF or CN is not within::"map limfi, they are set to the nearest map 'miL, and oneof the Independent variables Is

changed in an atemnpt to rectify the situatim. The operating point must apear on all maps
bef6r a compleft cycle calculation can be accomplished.

T rWer exiraction is accounted for In calcuating DHTC of the hig, pressure turbine.
When the efflciencyb used and the turbineprocess is assumed isentrzaip, the thermodynamic
k proertie at both turbine exits canbe calculatod. Any bleed airflow for .xwling the turb;oes Is
treated-as If It entered the m2in stream behind the turbine. and the themodym perties
at the turbine exits are recalcc"!ated to account for this.

e1 duct atrflow and bypass ratio are calculated fro the fan and compressor anlhws. The
prssr drop In the dact is tre .et is in the main combustor. For duct-buning, the saefuel he@ valueequationthat usedinthe combustor is again used, but the efficiency must

be input. As in tie combustor, ei the temperature (T24) or the fuel flow (WFD r•ay be input.

t a separate flow engine Is being mlmrjated, the duct nozzle calcubt•ioms are done In this
routine, although they are accomplished in the same manner as for the main nozzle.

* b. Mleri

he gsa mixing areas pduct exit and turbine discharge for a mixed flow engine or !ust the
turbim discharge area for a separate flow engine are calculated at the design point using
ei4ter an iupt static pressure or Mach number. At an off-design po• the areas ar used to
calculate static pressures and Mach numbers.

For a separate flow engine. the thcrmodynam.n- cmons entering the afterburner are now
known, since they are identical to turbine d~sschazge coitions.

SFbr a mixed flow engine, a set ef derived equations based on one-dimensional fluld flow
thay and consorwafion of mo.ss, enera, and momentum is used to determine the ttarmo- I
dynazid conditions after ctmp~lete mlxIng of the two gas streams (Reference 4., These
eqiatios do na require .Mtr thi stati pressures of the two entering streams be equa. How-
ame, for a correct engine bal~nce, the two static pressurcs must be equal, and a b.,Jxtctng

error Is generated if they are not equal.
__ _ _ __ _ _

10!



AFAPL-TR-67-125

Part I

fL Afterb.nrner

The dry loss (cold loss) pressure drop in the afterburner Is a function of Z design Pressur
drop and the ratio of corrected gas flow to the design corrected gas flow.

For afterburning. the same equation for the fuel heating value that was used In the combustor
is again used, but the efficiency must be input. As in the cumbu3tor, either the tem t
(Tn) or the fuel flow (WFA) may be Input. A momentum loss (hot loss) pressure drop Is also
calculated.

J. Nozzle

The mrin noz7" program uses fixed effective areas (@xcept when a c g) calculatad
i at the design point. Eier a convergeat or a cc rgent-diwargent subroutine may be used

depending upon the input controls. If has been selected, the nozzle arezs are
allowed to float to obtain optimum performance; however the areas are returned to their

original design values after the afebrigpoint is completed. The duct nozzle behaves
identically with the main nozzle, incling floating areas If duct-burning has been selected.

Because all thermodynamic properties of the gas stream are known, as well as the amount
of flow, nozzle areas, and amblentpressure, there is a redundant parameter. For this program,
the total pressure of the gas stream was chosen as the redundant parameter. The nozzle cal-
culations (Reference 5) are made withoutuslng the total pressure, and a required total pressure
compatible with all other known parameters Is calculated. This required pressure is compared
with the actual pressure, and a balancing error is generated If they are not equal.

k. Performance and Output

At this point, six errors have been generated after one pass through the. engine. Several
more passes rmut be completed under control of the error matrix and engine balancing su-
"routines. ee Section V for a detailed description of the balancing technique used. Eventually,
however, the errors will be reduced to zero, and engine performance will be calculated ustng
standard equations. Gross thrust is obtained by summing the momentum term a nozzle
velocity coefficient may be input) and pressure-area term, and net thrust Is In turn found by
subtracting a ram drag (airflow momentum loss at Inlet) term from the gross thrust. Specific

= =fuel consumption Is total fuel flow divided by net thrust.

SAs previously mentioned, a controlled output is used, whereby only selected v.r s are
printed. Each variable is labeled with its name, and provisions have been made for chain
the mame of a variable. bi add~tIon, the values of all variables In common are printed In a close
format so that variables other than those selected for a specific rum sire available ler on.

5. QUADRATIT INTERIPOIATION ROUTINE

Thr..gho.-d the program there are many small loops (for example, thermodynamic fterations
and table look-up) which require convergence. Trial-and-error methods and linear inftrpola-
tions can be aime-consumnin especially when a tight tolerance is necessary; threfwe a
general ntroaonroutine called AEQUIR (Air Force Quadratic Ihntepolation Routine) was
developed.

This routire requires a dummy array dimensioned for nine locations. Also inpt into the
routine Utrough the callin arguent are the Independeu" and the dependent variables e,
answer or value which the dependent variable is to converge upon, the number of tries atoo;.-
"ergffce, the tolerance, znd a variable called DIR.

11
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The DIR Is either set or calculated In the calling program and is an initial guess at the

S --_dkeaon and chang to qplyto the first value of the Independent variable. If not
In known about the variabies to calculate a D7., an arbitrary value m•y be set. This

skold not affect the final result, but may increase the number of tries at convergence.

-- . DIR thm stablbes the second valub of the independent variable. This value is used4 Ot- call p•ogram to determine a oarrponding second value of the dependent variable
W AFQUIR Js called a second tim wih two sets of values. A li nterpo is made

ukih results Jn a tird value f the Indepeadet variable. AFQUIR is then called a third time
.,•twth tthird values of independent and dependent variables and a quadrat incJterplatio is

xnsde. 7b value of thes three sets of variables have been stored in the dummy array, and
from here on, quadratic Interpolatiaos are made uingtbe three sets which give valuas closest
= fte amwr. Values farthest from the answer are lost.

Varlio salguards are built into AFQUIR to retzrn the Int olatio method to DIR or
Ike@ if the roots of the quadratic become complex, if the quadratic does not intercept the
M" ,, If the Ialia of the Independent variable differs radically from previous values, or if

two sft ofInependent and dependent varinables are IdenticaL

Also, it Is posathIe to preload th3 dummy array mnd to start directly at the linear or
* i qwwiratlo in!rP Pla1tioas If desired.

hm summary, AFQUIR Is a on*peW ly nex•be routm which performs quadratic interpolation
_fr quick convergece a: nel fctions.

12
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Part I

SSECTION V

j BALANCING TECHNIQUE

The balancing technique is based upon finding a solution for a set of para differenW
equations. For this program, the set is composed of six equations; however, using a .etfh
only three equations will simplify the fllowingdiscussion. This corresponds to a beic turbo-
jet engine simulation. It is relatively easy to expand the set of three equations to one of six,
as required in SMOTE, or even further. For example, a triple-spool turbofan would requireSnine eciuations.

As disc•ssed previously, six independent variables were selected (ZF, PCNF, ZC: PCINC or
T4. TFFHP, and TFFLF). Once these variables htee been given initial values, it is possible
to proceed through an entire engine cycle calculabon. Six errors ar generated as ahiwn In
Section IV. These initial values of the six variables and six errors are referred to as baem
values.

In the following equations, V refers to a variable and E to an error. _The basic set of differ-
enUal equations based on E = ff[) is (Reference 6)

dE, - Ell dr, + a3 Ell + a 1
E3V, a V3

d Eat IV, + - aE 22  dV. + C' dV3d2 a a d 2  v

_____U a)E53
dE3 = 6' r. +- dV2 + - dV33 av, a V2  IaV3

where the single subscripts correspond to three variables and three errors and vwhere th
double subscripts indicate the change in a particular error (first subscript) due to a change in
a particular variable (second subscript).

Assuingsmell changes results in the following approximations (where B refers to a base

v )dE =E-EB

dY =V- VB

93E AE

W AV
With these approximations a-A the fact that E should be zero when the engine is balanced.

the set of partial differential equaticns reduces to

AE,, AE3 1  AE3

dVV+ AV2  dV 33-EB,

AEz, AEzz AEz.

EZ-EB2 = dV -- dVd-- A 3 dV 3 -EBzAV, A v2 Av3

E 3 -EB' Av, dV, + Av 2  dV2 +- AV3d -

13
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'Dart!I

'hree more passes (six for SMOTE) -e now made through the engine cycle calculati-ns,
and one variable Is changed by a small amount (AV) for each pass. The charg In each error
due to the smail change in the variables (-E/AV) can then be malc- ed.

LTe above set of differential equations can now be solved for dV1 . dV2, and d%, and, in

* general, the new value of eaub fideeent variable wculd be given by

V = VB + dV

If the engine cycle calculations were linear functions, the n&gine would balance (errats equal
•--.•_:zero) with these now valae.s of the v-ariables. Howevr, this is not the ca.se, and it is ,u.s- ol_

necessary to repeat the above process (whare the new valles become the base values) several
z )times befhre a balance is obtahe ro

A subroutine to determine the solution of a m:.rix is used to solve the set of differential
equations. After each pass through the engine, a matrix array Is loaded with the a,propriate
values; after seven passes (base value plus six nduependent variables), the matrix subroutine
is called to solve the rmaIx.

R was found that the "d'ls" obtained from the solution of the differential equations %ere in
many cases too large, thus causing the va-rble•s to exceed their limits, and to make it practi-
cally i.mpossibIe to balance the cycle. The "dV's" are therefure multiplied by a suppression
fcktor (presently 0.6) which limits the swing of the variables. I additIon, if a stpressed
"dv" is still g-eater than 5% of the value of the variable itself, it is reduced to the 5% value.
-Although this procedure may tend to increase the number of passes before balancing in some
cases, it also balances points which previously would not balance. These points are most
generaUly far fronm the design point, where oscillations of the dependent vartables tend to build

'414
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Par II

APPENDIX

SAMPLE RESULTS

"The following computer printouts are examples of typical output from SMOTE. The first
point is the design point and inclhues a page of correction (or scaling) factors and a page of
values of variables in common. The other points represent conditions throughout a flight
envelcle and consist of a primary page of outzput for each point. Not included f5r these points
is a common dump, Wiuch normally follows each primary output page and is very similar to
!be common dump fobkowing the design point correction factors.

The engiae cycle chosen was a mi;ed flow turbofan (bypass ratio of 1.4) wita a convergent
nozzle, a total airflow of 180 pounds a second, and a turbine inlet temperature (T4) of 240R
The points were run in a fixed T4 mode; that is, PCNC is an independent var•tble: JQoe thA
the nozzle area is recalculated at each aftrburning point for optimum expansion and that no
balancing occurs at these points.

i__ _ _ _
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Engine). SMOTE is a compater programn for balancing-cycle turbofan zngines czpaIbIe of
running both de~sign and off-dresign points. Comnponent performance m2~ are reftced to

Block Data (tabular fr)to provide a base fo cak ilaiting compcne.- pezformance. Th

performsnc-e Tr 2 of-ei p inits. aflay. wbe th program Isrniga nof
design potnt, th yl s o an-d n ro- freaplw eardb h

for the stof Ind epwnt varl~bis which results in zero errors, tbus balancing the cce
Actually, this process may be repeated several times bvfore- it reaches a balanced point
becanse there is a non linear rek±!oomship between xQe Independent variables and the errors.
Sample results are included In thin report.
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